In the present work a chimeric receptor containing the intracellular domain of the insulin receptor-related receptor (IRR) and the extracellular domain of the colony stimulating factor-1 (CSF-1) receptor was expressed in 3T3-L1 adipocytes and compared with the parallel chimeric receptor containing the cytoplasmic domain of the insulin receptor (IR). Both chimeric receptors exhibited CSF-stimulated tyrosine kinase activity when assayed in vitro after in vivo activation comparable to that of the endogenous IR present in these cells. No cross-activation of the expressed chimeric and endogenous receptors was observed. The cytoplasmic domain of the IRR was found to 1) mediate activation of the Ser/Thr kinase Akt/PKB, 2) stimulate glucose uptake, 3) inhibit lipolysis, and 4) stimulate glycogen synthase, all with a potency comparable to those of the expressed CSF-1R/IR chimera and the endogenous insulin receptors. These results indicate that despite the extensive differences in sequence between the cytoplasmic domains of the IRR and IR, the elements required for insulin-specific responses have been conserved in this distinct member of the insulin receptor family. (Endocrinology 139: 3578 -3584, 1998) 
B INDING of insulin to its receptor (IR) induces a wide
variety of distinct biological responses, most of which appear to be mediated via activation of the receptor's intrinsic tyrosine-specific phosphotransferase activity (1) (2) (3) (4) . Extensive studies have documented the role of specific endogenous substrates such as insulin-receptor substrate-1 in mediating the subsequent biological responses (5) . In adipocytes, the IR appears unique among the various receptors with tyrosine kinase activity in its ability to stimulate various biological responses, including glucose uptake, activation of the glycogen synthase, and inhibition of lipolysis (1) (2) (3) (4) . The IR is a member of a family of receptors that includes the insulin-like growth factor I (IGF-I) receptor and the insulin receptor-related receptor (IRR) (6) . Both differences and similarities in the signaling abilities of these three receptors have been noted. For example, some studies have indicated that the IGF-I receptor is more potent at stimulating cellular proliferation, whereas the insulin receptor is better at stimulating metabolic responses (7) (8) (9) . The cytoplasmic domain of the IGF-I receptor exhibits a greater degree of sequence identity with the IR than the IRR (10, 11) ; the juxtamembrane, kinase domain, and carboxy-tail of the IGF-I receptor are 61%, 84%, and 44% identical, respectively, to the sequences of the corresponding regions of the IR, whereas the same domains of the IRR are 53%, 79%, and 19% identical to the comparable regions of the IR. In addition, the carboxy-tail of IRR is 69 or 76 amino acids shorter than that of the IR or IGF-I receptor, respectively (11) . This carboxy-tail region of the IR and IGF-I receptors that is missing in IRR includes both tyrosine and serine/threonine phosphorylation sites, which have been proposed to play a role in cellular signaling (12, 13) . Finally, whereas both the IR and IGF-I receptors exhibit widespread tissue distributions, the IRR is expressed in only a few limited cell types, including dorsal root and trigeminal neurons, neuroendocrine cells in gastric glands of the fundic mucosa, and non-A intercalated cells in the kidney (14 -18) .
In the present studies we therefore sought to compare the ability of the cytoplasmic domain of the IRR with that of the IR in stimulating insulin-specific biological responses in adipocytes. Recent studies by Chaika et al. and Kalloo-Hosein et al. have demonstrated that chimeric receptors containing the extracellular domains of either the neurotropin 3 or colony-stimulating factor-1 (CSF-1) receptors and the cytoplasmic domains of the IR can be expressed in 3T3-L1 cells and specifically stimulated by their appropriate ligands (19, 20) . This approach thereby allows one to determine the relative abilities of different cytoplasmic domains and/or specific mutants to mediate various adipocyte-specific responses. Indeed, KallooHosein et al. used this system to demonstrate a differential signaling ability of the intracellular domain of the IGF-I receptor in comparison to that of the IR (19) . In particular, they reported that in 3T3-L1 fibroblasts, the IGF-I receptor cytoplasmic domain was poorer than that of the IR in stimulating glycogen synthesis. In the present studies we examined the ability of the intracellular domain of the more distantly related IRR to mediate various insulinspecific biological responses in 3T3-L1 adipocytes.
Materials and Methods Materials
The following were purchased: restriction enzymes from New England Biolabs (Beverly, MA) and Life Technologies (Gaithersburg, MD), oligonucleotides from Operon Technologies (Alameda, CA), T4 DNA ligase from New England Biolabs, deoxy-NTPs and protein G-Sepharose beads from Pharmacia (Uppsala, Sweden), protein A-agarose beads from RepliGen (Cambridge, MA), G418 from Sigma (St. Louis, MO), antibodies to the extracellular domain of the CSF-1R from Zymed (South San Francisco, CA), and the GSK-3 peptide (GRPRTSSFAEG) from the Beckman PAN facility (Stanford, CA). The antibodies to the IR (2G7) and Akt were prepared as described previously (21, 22) . The following were gifts: the Phoenix retroviral packaging cell line and the pWZLneo retroviral vector from Dr. Garry P. Nolan (Stanford University), CSF-1 from the Genetics Institute (Cambridge, MA), and the CSF-1R/IR and CSF-1R/K1030M IR plasmids from Drs. O. Chaika and R. Lewis (University of Nebraska, Omaha, NE) (20) .
Construction of the CSF-1R chimerae
The CSF-1R/IRR chimera was constructed using a PCR site-overlapextension strategy (see schematic below). The template for the CSF-1R extracellular domain was CSF-1R/IR in pcDNA3 (20) . The template for the IRR intracellular domain was IR/IRR in pECE (23) . The upstream primer (primer A) for the CSF-1R extracellular domain was for a section of pcDNA3 and contained an introduced EcoRI site. The downstream primer (primer B) corresponded to the final 25 bases of CSF-1R before the transmembrane (TM) domain and contained a 18-base overhang corresponding to the first 18 bases from the noncoding strand of the TM domain of IR. The upstream primer (primer C) for IRR intracellular domain likewise corresponded to the first 25 coding bases of the IR TM domain and also had an 18-base identity with the 3Ј-end of the coding strand of the CSF-1R extracellular domain. The downstream primer (primer D) was based on a sequence from pECE immediately following the end of IRR and contained an introduced XhoI site. The CSF-1R and IRR fragments were individually amplified by PCR and purified by spin column. Equimolar amounts of each fragment were then site-overlapextensioned together using primers A and D. The resulting 3-kb PCR product coding for the CSF-1R/IRR chimera was purified by spin column. This chimera was subsequently digested with EcoRI and XhoI and ligated to pWZLneo digested with the same enzymes.
To transfer CSF-1R/IR in pcDNA3 and CSF-1R/K1030M IR in pEF-1 to pWZLneo, the plasmids were digested with XbaI and filled in using T4 DNA polymerase, and then each plasmid was digested with EcoRI. The double digested constructs were ligated to pWZLneo double digested with EcoRI and SnaBI.
CSF-1R/IRR complementary DNA (cDNA)
A schematic is shown for the construction of the CSF-1R/IRR cDNA chimeric receptor (Fig. 1) .
Retroviral infections and cell culture
3T3-L1 fibroblasts were infected with either the empty pWZLneo retroviral vector or the retroviral vectors encoding CSF-1R/IR, CSF-1R/IRR, or CSF-1R/K1030M IR as previously described (24) . In short, Phoenix cells were plated at 4 ϫ 10 6 cells/60-mm plate in DME-H21 with 10% FBS and antibiotics. On the following day, they were transfected with the appropriate retroviral vector by the calcium phosphate method. The media were changed 8 h after transfection and again 24 h after transfection, at which time the cells were transferred to a 32 C, 5% CO 2 incubator for 2 days. The supernatants, containing the retroviral particles, were then clarified by centrifugation and added to the 3T3-L1 fibroblasts, which had been plated at 7.5 ϫ 10 4 cells/six-well plate the night before. Polybrene was added to the cells at a final concentration of 5 g/ml. The six-well plates were then spun at 2500 rpm for 90 min at 32 C in a tabletop centrifuge to increase infection efficiency. After an 18-h incubation in a 32 C incubator, the media were changed, and the cells were transferred to a 37 C incubator. Selection with 1 mg/ml neomycin began the following day. The drug-resistant total cell population was used in all experiments.
3T3-L1 fibroblasts were maintained in DMEM-H21 containing 10% calf serum and antibiotics. To differentiate fibroblasts into adipocytes, cells were grown for 2 days postconfluence. The media were then changed to DME-H21 containing 10% FBS, 1 g/ml insulin, 0.1 g/ml dexamethasone, and 112 g/ml isobutylmethylxanthine. After 4 days, cells were maintained in DME-H21, 10% FBS, and 1 g/ml insulin for 3-4 additional days. Finally, the media were replaced with DME-H21 containing only 10% FBS for at least 2 days, after which the cells were used. At least 90% of the cell population showed the adipocyte phenotype with the accumulation of lipid droplets.
Tyrosine kinase assays
Serum-starved 3T3-L1 adipocytes in six-well plates were treated with 0.3-10 nm CSF-1, 10 nm insulin, or buffer only for 25 min at 37 C; washed once with ice-cold PBS; and lysed in 500 l lysis buffer [50 mm HEPES (pH 7.6), 150 mm NaCl, 10% (vol/vol) glycerol, 1% (vol/vol) Triton X-100, 1 mg/ml bacitracin, 1 mm phenylmethylsulfonylfluoride, 1 mm benzamidine, 1 mm Na 3 VO 4 , 30 mm NaPPi, 10 mm NaF, 1 mm EDTA, 1 mm dithiothreitol (DTT), and 100 nm okadaic acid]. The lysates were centrifuged for 10 min at 14,000 rpm, and the supernatants were immunoprecipitated overnight at 4 C with 30 l (packed) protein G-Sepharose beads preincubated with anti-CSF-1R antibody (Zymed), control Ig, or anti-IR intracellular domain (2G7). The beads were washed three times with WGBT [50 mm HEPES (pH 7.6), 0.1% Triton X-100, 0.1% BSA, and 150 mm NaCl], then 20 l of the kinase reaction buffer [50 mm HEPES (pH 7.6), 150 mm NaCl, 0.1% (vol/vol) Triton X-100, plus 5 mm MgCl 2 , 5 mm MnCl 2 , 1 mg/ml poly(Glu:Tyr) (4:1), and 0.8 Ci carrierfree [␥-
32 P]ATP] were added, and the reaction was continued for 30 min at 25 C. The reactions were stopped by spotting 10 l onto a Whatman 3 MM filter strip (Clifton, NJ) and putting the paper in ice-cold 10% trichloroacetic acid containing 10 mm sodium pyrophosphate for 30 min, boiling in 5% trichloroacetic acid for 5 min, and washing once with 70% ethanol, once with distilled water, and once with acetone. Samples were then counted. The values for the control Ig precipitates (typically 200 -450 cpm) were subtracted from the values for the precipitations with the anti-CSF-1R and IR antibody precipitates.
AKT kinase assays
Serum-starved 3T3-L1 adipocytes were treated with hormone for 20 min at 37 C, chilled on ice, washed once with cold PBS, and lysed in 800 l lysis buffer as described above for the kinase assays. The supernatants were immunoprecipitated for 2 h with a polyclonal anti-Akt antibody bound to protein A-Sepharose beads. The beads were washed three times with 1 ml buffer [25 [␥-
32 P]ATP] and allowed to proceed for 30 min at 30 C. The reactions were stopped by addition of 10 l gel loading buffer [0.25 m Tris-HCl (pH 6.8) and 12 m urea], and the reaction mixtures were electrophoresed on a 40% polyacrylamide gel containing 6 m urea. The gels were dried and autoradiographed (2-12 h), and the phosphopeptide bands were excised and counted. The GSK-3 peptide was used as substrate instead of the myelin basic protein used previously (24) because it is a better substrate for Akt (25) (our unpublished studies). The immunoprecipitates were subjected to 10% SDS-PAGE, transferred onto nitrocellulose, and immunoblotted with the anti-Akt antibody to verify the amounts of AKT protein in the assay.
Measurements of glucose uptake
Serum-starved 3T3-L1 adipocytes in six-well plates were incubated for 3 h in 0.9 ml Krebs-Ringer bicarbonate (KRB) buffer without BSA. Cells were then treated with 100 l 1-1000 nm CSF-1, 100 nm insulin, or KRB buffer. After 20 min at 37 C, 100 l 1 mm 2-deoxyglucose containing 0.5 Ci [
3 H]2-deoxyglucose were added. After 5 min, cells were washed three times with ice-cold PBS containing 100 nm phloretin, lysed by addition of SDS, and counted.
Measurements of glycogen synthase kinase activation
Serum-starved 3T3-L1 adipocytes in six-well plates were treated with 1-30 nm CSF-1, 10 nm insulin, or KRB buffer for 30 min at 37 C. The cells were then washed once with ice-cold HEPES-buffered saline, and 300 l solution 1 [50 mm Tris (pH 7.8), 10 mm EDTA (pH 8.0), and 100 mm potassium fluoride] were added to each well. Cells were removed from the well, sonicated for 60 sec, and centrifuged. Fifty microliters of the supernatants were added to 50 l of a reaction mixture [50 mm Tris (pH 7.8), 10 mm EDTA (pH 8), 100 mm potassium fluoride, 5 Ci [
14 C]UDP glucose, 15 mg/ml glycogen, and 1 mm UDP-glucose]. To measure total glycogen synthase activity, parallel reactions were performed with each supernatant in the presence of 50 mm glucose-6-phosphate. All reactions were performed in triplicate. Reactions were allowed to proceed at 37 C for 20 min, transferred to 0 C, and then spotted on a Whatman 6F/A filter and immediately immersed in ice-cold 70% ethanol for 40 min. Filters were washed twice in 70% ethanol and counted.
Measurements of the antilipolytic response
Serum-starved 3T3-L1 adipocytes in six-well plates were incubated for 0.5 h in 0.9 ml KRB buffer with 0.1% BSA. Cells were treated with 100 nm isoproterenol or vehicle plus either 3-30 nm CSF-1, 10 nm insulin, or KRB buffer with 0.1% BSA. After 3 h, the supernatant was removed, and the BSA was precipitated with trichloroacetic acid. The glycerol content in 100 l of the supernatants was determined by adding 100 l of a periodate solution [0.5% acetic acid (vol/vol), 0.5 m ammonium acetate, and 15 mm sodium periodate] and 200 l isopropanol with 1% acetylacetone (vol/vol). After 15 min at 37 C, the ODs at 410 nm were determined (26) .
Results

Expression of CSF-1R/IR and CSF-1R/IRR in 3T3-L1 adipocytes
To compare the abilities of the cytoplasmic domains of the IRR and IR to mediate various insulin-specific responses, we constructed retroviral constructs encoding chimeric receptors expressing the extracellular domain of the CSF-1 receptor, the transmembrane of the IR, and the cytoplasmic domain of either the IRR or the IR (called CSF-1R/IRR or CSF-1R/IR, respectively; Fig. 2 ). The control constructs used included a chimeric receptor expressing a kinase dead IR cytoplasmic domain (in which lysine 1030 was changed to methionine, called CSF-1R/K1030M IR) and the empty retroviral vector (pWZLneo). 3T3-L1 fibroblasts infected with the retroviruses were drug selected and then tested for the presence of the different receptors after allowing the cells to differentiate into adipocytes. To this end, the infected 3T3-L1 adipocytes were treated with buffer, 10 nm CSF-1, or 10 nm insulin. The cells were then lysed, and the lysates were immunoprecipitated with antibodies to the extracellular domain of the CSF-1 receptor, the intracellular domain of the insulin receptor, or control Ig. The precipitates were then tested for tyrosine kinase activity using an in vitro kinase assay. As expected, 10 nm CSF-1 stimulated enzymatic activity in the anti-CSF-1 receptor precipitates from the cells expressing CSF-1R/IR and CSF-1R/IRR, and the amounts of activities from these two cells were approximately the same; that of CSF-1R/IR was slightly higher (Fig. 3A) . In contrast, no increase in enzymatic activity was observed in the anti-CSF-1R precipitates from these cells after they were treated with 10 nm insulin, indicating that there was not a significant level of cross-phosphorylation and activation of the chimeric receptors by the endogenous IR present in these cells. In addition, there was no increase in enzymatic activity in the anti-CSF-1R precipitates from either the cells expressing the kinase dead chimera (CSF-1R/ K1030M IR) or the cells infected with the control retrovirus (pWZL; Fig. 3A) . The same cells were also treated with CSF-1, insulin, or buffer and lysed, and the lysates were immunoprecipitated with an antibody directed against the cytoplasmic domain of the IR (21) . This antibody will recognize both the endogenous IR present in these cells as well as the CSF-1R/IR chimera, but not the CSF-1R/IRR chimera. As expected, insulin stimulation of all cells showed an increase in the amount of enzymatic activity precipitated with this antibody due to the endogenous receptors present in these cells (Fig. 3B) . In contrast, only the cells expressing the active CSF-1R/IR chimera exhibited an increase in activity after treatment with CSF-1 in these anti-IR antibody precipitates (Fig. 3B) . Importantly, the amount of enzymatic activity observed with the endogenous insulin receptors was comparable to that observed with the chimeric receptor (Fig. 3B) , indicating that the level of the expressed chimeric receptor was not substantially greater than that of the endogenous receptor. 
Activation of Akt/PKB by CSF-1R/IR and CSF-1R/IRR
Recent studies have implicated the Ser/Thr kinase called Akt/PKB in a variety of biological responses, including the insulin-stimulated increase in glucose uptake (27) (28) (29) . These two receptors were therefore compared for their ability to mediate the activation of this kinase. 3T3-L1 adipocytes expressing the various chimeric receptors were treated with buffer, various concentrations of CSF-1, or 10 nm insulin. Cells expressing CSF-1R/IR and CSF-1R/IRR exhibited a similar dose-dependent stimulation of Akt/PKB kinase activity (Fig. 4) . The maximal stimulation observed with CSF-1 in these two cells was only slightly less (ϳ10%) than that observed with insulin. In contrast, the cells expressing the kinase dead chimera or infected with the empty virus (pWZLneo) did not exhibit any CSF-1-stimulated increase in Akt/PKB kinase activity (Fig. 4) .
Stimulation of glucose uptake by CSF-1R/IR and CSF-1R/IRR
The ability of CSF-1R/IR and CSF-1R/IRR to mediate an increase in glucose uptake was examined by treating 3T3-L1 adipocytes expressing these different receptors with buffer, various concentrations of CSF-1, or 10 nm insulin. CSF-1 stimulated a dose-dependent increase in glucose uptake in the cells expressing these two chimeric receptors, with an EC 50 and maximal response that were essentially identical (Fig. 5) . The maximal responses observed with these two chimeric receptors were approximately 90% of that observed with insulin. In contrast, the cells expressing the kinase dead chimera or infected with the empty virus did not exhibit any CSF-1-stimulated increase in glucose uptake.
Activation of glycogen synthase by CSF-1R/IR and CSF-1R/IRR
The ability of CSF-1R/IR and CSF-1R/IRR to mediate an increase in glycogen synthase activity was examined by treating 3T3-L1 adipocytes expressing these different recep- tors with buffer, various concentrations of CSF-1, or 10 nm insulin. The cells were then lysed, and glycogen synthase was measured directly in the lysates. Both receptors mediated a CSF-dependent increase in this enzymatic activity with almost identical potencies. In addition, the maximal responses observed with these chimeric receptors were comparable to those observed with that stimulated via the endogenous insulin receptors (Fig. 6) . Again, the kinase dead chimeric receptor and the cells infected with the empty virus did not exhibit any significant CSF-1-stimulated increase in glycogen synthase activity.
Both CSF-1R/IR and CSF-1R/IRR mediate an inhibition of the isoproterenol stimulation of lipolysis
The ability of CSF-1R/IR and CSF-1R/IRR to inhibit the isoproterenol-mediated increase in lipolytic activity was examined by treating 3T3-L1 adipocytes expressing these different receptors with isoproterenol together with buffer, various concentrations of CSF-1, or 10 nm insulin. The amount of glycerol released by these cells was then measured. Both receptors were capable of antagonizing the isoproterenolstimulated increase in lipolysis. The maximal response and sensitivity to CSF-1 were essentially the same for the cells expressing the two chimeric receptors (Fig. 7) . In addition, the maximal responses observed with these chimeric receptors were comparable to that observed with the receptor stimulated via the endogenous IRs (Fig. 7) . Again, the kinase dead chimeric receptor did not exhibit any significant CSFstimulated inhibition of lipolysis.
Discussion
Recently Chaika et al. (20) described the expression of a chimeric receptor with the extracellular domain of the CSF-1 receptor and the intracellular domain of the IR in 3T3-L1 preadipocytes. This receptor was shown to exhibit a CSF-stimulated increase in receptor autophosphorylation and to mediate a CSF-stimulated increase in IRS-1 and Shc tyrosine phosphorylation and a CSF-stimulated dif- 6 . Activation of glycogen synthase by CSF-1R/IR and CSF-1R/ IRR. 3T3-L1 adipocytes expressing the different constructs were treated with buffer, the indicated concentration of CSF-1, or 10 nM insulin for 30 min at 37 C and then lysed. Aliquots of the lysates were assayed for glycogen synthase activity in the presence or absence of glucose-6-phosphate. The amount of activity present in each lysate was normalized for the total amount of glycogen synthase present (the activity measured in the presence of glucose-6-phosphate). The results were then normalized for each experiment by expressing the glycogen synthase activity measured after the different stimulations as a percentage of that observed with 10 nM insulin. Shown are the mean Ϯ SEM for three experiments, except for that with 100 nM CSF-1. In a typical experiment, 11 and 20% of the total (glucose-6-phosphate activatable) glycogen synthase activity were present in the lysates of noninsulin-treated and insulin-treated cells, respectively.
FIG. 7.
Both CSF-1R/IR and CSF-1R/IRR mediate an inhibition of the isoproterenol stimulation of lipolysis. 3T3-L1 adipocytes expressing the different constructs were treated with isoproterenol and buffer, the indicated concentration of CSF-1, or 10 nM insulin for 3 h at 37 C. The amount of glycerol present in the medium was assayed as described. Isoproterenol stimulated lipolysis 5-fold in these experiments. The extent of inhibition by the different treatments was expressed as the percentage of the response observed with 10 nM insulin. Shown are the means for three experiments. When not present, the means and/or error bars were too small to be visible. In a typical experiment, OD 410 of 0.11 and 0.040 were observed for the noninsulin-treated and insulin-treated cells, respectively.
ferentiation of these cells into adipocytes. In the present work we have confirmed and extended these findings. First, we used a retroviral expression system to facilitate the attainment of a population of 3T3-L1 cells that are still capable of differentiating into adipocytes. Second, we found that this expressed chimeric receptor can also mediate a CSF-stimulated increase in Akt/PKB Ser/Thr kinase activity, glucose uptake, glycogen synthase activity, and inhibition of the isoproterenol-induced increase in lipolysis. Thus, this chimeric receptor appears capable of mediating a variety of insulin-specific responses in the 3T3-L1 adipocytes, indicating that this approach will allow testing of the abilities of different regions of the IR to elicit different biological responses.
In the present work, we used this approach to examine the signaling capabilities of another member of the IR family, the IRR. Although the ligand for this receptor is not known, the receptor shows overall sequence homology with the IR and IGF-I receptor and can form hybrid receptors with these two other receptors (11, 23, 30, 31) . Unlike the IR and the IGF-I receptor, this receptor is expressed in a limited number of tissues (14 -18) . It also differs substantially in sequence from that of the IR, with a carboxy-tail that is only 19% identical to that of the IR and is significantly shorter than the comparable region of either the IR or the IGF-I receptor (11) . The carboxyl-tail regions of the IR and IGF-I receptor contain both tyrosine and Ser/Thr phosphorylation sites which have been proposed to be important in signaling various biological responses (12, 13). Thus, it was surprising to find in the present studies that the intracellular domain of the IRR appeared essentially indistinguishable from that of the IR in mediating the activation of a variety of biological responses that are considered characteristic of the IR. The responses examined include the stimulation of glucose uptake, the activation of glycogen synthase, as well as the ability to antagonize the isoproterenol-stimulated increase in lipolysis. These responses were chosen because the mechanisms by which insulin elicits these responses differ (32) (33) (34) . In each case, the chimeric receptor containing the cytoplasmic domain of the IRR was comparable to that containing the cytoplasmic domain of the IR in terms of both the maximal responses elicited as well as the sensitivity to a particular level of stimulation. In addition, in each case, the intrinsic tyrosine kinase activity of the IR cytoplasmic domain was necessary because the chimeric receptor that contained the inactivating mutation (CSF-1R/K1030M IR) could not stimulate any of these responses. It should also be noted that the ability of these chimeric receptors to be stimulated by CSF-1 to give a response comparable to that mediated by the stimulation of the endogenous receptors by insulin indicates that the internalization of the insulin molecule per se is not required for eliciting the subsequent biological responses.
Recent studies have indicated that insulin stimulates the activity of the Ser/Thr kinase Akt/PKB (35) . Moreover, this enzyme may be responsible for inducing some of the subsequent biological responses, such as stimulation of glucose uptake and activation of glycogen synthesis (27) (28) (29) 36) . The present studies are also consistent with this hypothesis, as the cytoplasmic domain of IRR was found to be capable of activating this enzyme comparably to that observed with the chimeric receptor containing the cytoplasmic domain of the IR. These results are consistent with the similar abilities of the two receptors to activate the above-mentioned biological responses.
Finally, it should be noted that the reported inability of the IGF-I receptor cytoplasmic domain to stimulate glycogen synthesis comparably to that observed with the IR (19) would suggest that this receptor is lacking some critical residues present in the cytoplasmic domains of both the IR and IRR. By construction of additional chimeric receptors with various portions of the cytoplasmic domain of the IGF-I receptor replaced with comparable regions of either the IR or IRR, it should be possible to delineate the region responsible for this activity.
